Neutrophils are implicated in the damage of lung tissue in many disease states, including infectious diseases and environmental insults. These effects may be due to oxidative or nonoxidative functions of the neutrophil or both. We examined the role of neutrophils in pulmonary damage during infection with the opportunistic fungal pathogen Pneumocystis sp. in four mouse models of neutrophil dysfunction. These were (i) a knockout of the gp91 phox component of NADPH oxidase, in which reactive oxygen species (ROS) production is greatly reduced; (ii) a double knockout of gp91 phox and inducible nitric oxide synthase, in which ROS and nitric oxide production is greatly decreased; (iii) a knockout of the chemokine receptor CXCR2, in which accumulation of intra-alveolar neutrophils is severely diminished; and (iv) antibody depletion of circulating neutrophils in wild-type mice with the monoclonal antibody RB6. Surprisingly, in each case, indicators of pulmonary damage (respiratory rates, arterial oxygen partial pressures, and intra-alveolar albumin concentrations) were the same in knockout mice and comparable wild-type mice. Therefore, whereas neutrophils are a valid correlative marker of lung damage during Pneumocystis infection, neither neutrophils nor ROS appear to be the causative agent of tissue damage. We also show that there is no difference in Pneumocystis burdens between wild-type and knockout mice, which supports the idea that neutrophils do not have a major role in the clearance of this organism.
Although neutrophils have crucial host defense functions in pulmonary infections, their presence in lung tissue can also have injurious effects. When bacterial pathogens such as Streptococcus pneumoniae (12, 19) , Pseudomonas aeruginosa (63) , and Haemophilus influenzae (31) proliferate in the lung, neutrophils are recruited to aid in the clearance of these organisms. This is also the case with fungal pathogens such as Candida albicans (51) and Aspergillus fumigatus (36) . However, there is some evidence that the damage that can occur to pulmonary tissue in these conditions is due in part to neutrophil-mediated mechanisms, including both the production of reactive oxygen species (ROS) such as superoxide and hydrogen peroxide and nonoxidative mechanisms such as those involving proteolytic enzymes and antimicrobial proteins (58) . This is especially evident in some cases of acute respiratory distress syndrome, in which increased permeability of endothelial and/or epithelial barriers, cellular influx, and other inflammatory changes often lead to death (30) .
Another disease state in which neutrophils are suspected to be involved in host tissue damage is Pneumocystis pneumonia. This illness is caused by infection with the opportunistic fungal pathogen Pneumocystis sp. Although this organism is endemic, it does not cause overt illness in immunocompetent hosts; indeed, most people have antibodies against Pneumocystis by the age of three (69) . However, in immunocompromised individuals such as those with AIDS and transplant patients receiving immunosuppressant treatments, Pneumocystis infection can lead to a serious and sometimes fatal disease (43, 54) . This is also the case in experimental rodent models in which animals are rendered susceptible to the disease by depletion of CD4 ϩ lymphocytes (10, 29) , sustained glucocorticoid treatment (6, 70) , or genetic deletion such as in the case of the severe combined immunodeficient (SCID) mouse (17, 53) or the CD40 lymphocyte receptor knockout mouse (23, 71) . In these immunosuppressed animals, the Pneumocystis organisms slowly propagate in the alveoli until they fill the airspace and respiratory failure occurs (17) . Pathophysiological changes such as increased alveolar permeability, decreased lung compliance, increased respiratory rate, and decreased arterial oxygen partial pressure typically occur only during the later stages of the disease, when the alveoli are largely full of Pneumocystis. Unlike that in diseases caused by faster-growing bacterial pathogens, neutrophil influx into the alveoli occurs primarily during the later stages of Pneumocystis infection, concurrent with increases in numbers of lymphocytes and macrophages (9, 17) . Because this influx coincides with the appearance of lung pathology, it has been speculated that the neutrophils have a causative role in the lung damage that occurs in the later stages of Pneumocystis pneumonia (68) . This speculation is supported by evidence from human Pneumocystis patients that the severity of the disease correlates with the relative numbers of neutrophils in lavage samples (4, 39, 42, 61) .
In light of these observations, we wished to test the hypothesis that elimination or reduction of some neutrophil accumulation or functions would result in reduced pulmonary tissue damage over the course of Pneumocystis infection. We utilized four experimental mouse models to test this hypothesis: a knockout of the chemokine receptor CXCR2, in which accumulation of neutrophils at sites of infection is severely dimin-ished (CXCR2-KO); a knockout of the gp91 phox component of NADPH oxidase, in which production of ROS by phagocytic cells is greatly reduced (gp91 phox -KO); a double knockout of gp91 phox and inducible nitric oxide synthase (iNOS), in which production of both ROS and nitric oxide (NO) by phagocytes is greatly decreased (phox/iNOS-KO); and RB6 depletion, in which mice were repeatedly injected with an antineutrophil antibody to deplete circulating neutrophils (RB6 depletion). We report here that there was virtually no difference in indicators of lung damage during Pneumocystis infections in mice with these neutrophil functional impairments compared to those in wild-type mice. Additionally, although there were some interesting differences in the patterns of Pneumocystis growth in these models, the overall burden of Pneumocystis was not different from that in wild-type animals.
MATERIALS AND METHODS

Animals. Breeder mice with the chemokine receptor CXCR2 knockout [C.129S2(B6)-Il8rb
tm1Mwm
] were obtained from the Jackson Laboratory (Bar Harbor, Maine) and were bred in our colony at Montana State University. Mice with a null allele corresponding to the gp91 phox component of NADPH oxidase (B6.129S6-Cybb tm1Din ) were also obtained from the Jackson Laboratory. Breeder phox/iNOS-KO mice were a generous gift of Robert North at Trudeau Institute, Saranac Lake, N.Y. Stock mice were bred in our colony at Montana State University, and animals were given prophylactic antibiotic treatment with itraconazole and sulfamethoxazole-trimethoprim (Bactrim) as previously described (57) until 4 days prior to the start of an experiment. Mice used as wild-type infected and uninfected control animals were either BALB/c mice (for the CXCR2-KO model experiments) obtained from the Jackson Laboratory or C57BL/6 mice (for gp91 phox -KO and phox/iNOS-KO model experiments) obtained from either the Jackson Laboratory or the National Cancer Institute (Fredrick, Md.). All mice were given autoclaved food and acidified water, which during experiments was supplemented with tetracycline to reduce the possibility of bacterial superinfections.
Cellular depletions and Pneumocystis infection.
To induce susceptibility to Pneumocystis, some groups of mice were depleted of CD4 ϩ lymphocytes with twice weekly intraperitoneal injections of 300 g of the anti-CD antibody GK1.5 (American Type Culture Collection). These injections began 2 to 4 days before inoculation and continued through the entire experimental period. During the same period, groups of BALB/c mice that were to be depleted of circulating neutrophils were given intraperitoneal injections of 250 g of the antibody RB6 twice a week. Based on differential staining of lavage fluids of depleted and nondepleted mice, we have found that RB6 treatment seems to give effective depletion of neutrophils for only 9 days (after this period, neutrophils began to appear in the lavage fluids of RB6-depleted mice), and so for mice sacrificed on day 21 (postinoculation), RB6 treatment was begun on day 12, for mice sacrificed on day 29, RB6 treatment was begun on day 20, and for mice sacrificed on day 35, RB6 treatment was begun on day 26. Inoculation of mice with Pneumocystis was performed using lung homogenates from previously infected C.B17 scid/scid mice. The lungs of these source mice were placed in 5 ml of Hanks balanced salt solution (HBSS) and homogenized by being pushed through a stainless steel mesh. Material passing through the mesh was centrifuged (1,500 ϫ g for 25 min), and the pellet was resuspended in a minimal volume of sterile HBSS. Pneumocystis nuclei in the material were enumerated as described below and diluted to a concentration of 10 8 Pneumocystis nuclei per ml. Mice to be infected were anesthetized with isoflurane and then given intratracheal injections of 10 7 Pneumocystis organisms with a blunted 20-gauge needle (25) .
Respiratory measurements. Prior to tissue sampling, respiratory rates in conscious mice were measured using a whole-body plethysmograph (Buxco Electronics, Sharon, Conn.). Arterial blood gas levels were determined by warming the mice for 5 min at 39°C, carefully nicking the ventral tail arteries, and collecting 150 l of blood into a heparinized capillary tube. After mixing of the blood with the use of a small steel bar and magnet, the samples were analyzed on a clinical blood gas analyzer (Omni AVL; Roche Diagnostics, Indianapolis, Ind.) within 1 h of sampling. In some experiments, dynamic lung compliance was measured in live anesthetized mice as previously described (75) and expressed as milliliters per centimeter of H 2 O per kilogram of body weight.
BAL. Mice were sacrificed by deep pentobarbital anesthesia followed by exsanguination. The trachea of each mouse was nicked, and a tube was inserted to lavage the lungs with five 1-ml aliquots of HBSS with 3 mM EDTA (28) . Samples from each 5-ml pooled lavage fluid were spun onto a slide with a cytospin centrifuge and stained with Diff-Quick dye (Dade Behring, Newark, Del.), and the relative numbers of each cell type were determined using a 100ϫ lens objective. The remaining lavage cells were concentrated by centrifugation at 900 ϫ g for 10 min. The supernatant was tested for albumin concentration with a diagnostic assay (catalog no. 631-2; Sigma Diagnostics, St. Louis, Mo.) and in some cases for lactate dehydrogenase (LDH) concentration with the CytoTox 96 assay (Promega, Madison, Wis.). The bronchoalveolar lavage (BAL) cells were resuspended in a minimal volume of phosphate-buffered saline with 2% calf serum and an anti-mouse Fc receptor antibody (Trudeau Institute, Saranac Lake, N.Y.) to block nonspecific binding. These cells were then stained with fluorophore-conjugated antibodies against mouse CD4 (to verify that no CD4 ϩ lymphocytes were present in samples from CD4-depleted animals) and CD8 (to detect CD8 ϩ lymphocytes; PharMingen, San Diego, Calif.) and analyzed on a FACSCalibur flow cytometer (Becton Dickinson, Mountain View, Calif.).
Enumeration of Pneumocystis nuclei. After lavage, the trachea was ligated and two-thirds of the lung was removed, placed into 5 ml of sterile HBSS, and disrupted by being pushed through a metal screen. An aliquot of this material was diluted 1:20 and applied to a glass slide by using a cytospin centrifuge. After drying, the slides were stained for an extended period of time (20 to 40 min) in Diff-Quick dye. Pneumocystis nuclei (both cysts and trophozoites) were then counted in a minimum of 5 and up to a maximum of 50 (if nuclei were not readily apparent) oil immersion fields. The average counts were then converted to log numbers of Pneumocystis nuclei per lung; with this technique in this lab, the limit of detection was (log) 4.40 or 4.24 (depending on the lens used) when 50 fields were counted. Although the previous lavage does remove some Pneumocystis organisms from the lung, they are a small fraction (Ͻ10%) of what is present in the lung, and this is consistent among different groups of mice.
Histology. One-third of the lung tissue was fixed for 24 h in phosphate-buffered formalin, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin by using standard histological techniques.
Statistical analysis. The software program Prism (GraphPad, San Diego, Calif.) was used for all statistical tests of significance (to P values of Յ0.05). Normally, a two-sided t test was used to compare two groups of data, with Welch's correction being used if the groups had unequal variances. In cases in which a deviation from a normal distribution was suspected, a nonparametric test (Mann-Whitney test) was also applied. In those cases, we found that both the t test and Mann-Whitney test indicated the same results (i.e., both indicated significance or insignificance); however, typically one test gave a more conservative (larger, but still Ͻ0.05) P value. The P values we report are always the conservative values.
RESULTS
Compliance versus alveolar neutrophil accumulation.
In humans with Pneumocystis pneumonia, there is a well-known correlation between the severity of pulmonary symptoms and the numbers of neutrophils found in BAL fluids. We show here a similar relationship in C57BL/6 mice in that lung compliance (which decreases with increasing pulmonary pathology) in Pneumocystis-infected animals was inversely and significantly correlated with the relative numbers of neutrophils in the alveolar compartments ( Fig. 1 ) (F ϭ 91.484; P Ͻ 0.001; r 2 ϭ 0.504). There was also significant correlation between the numbers of Pneumocystis organisms and the dynamic lung compliance in these same animals, although that model had a much poorer goodness of fit (data not shown) (F ϭ 22.11; P Ͻ 0.001; r 2 ϭ 0.196).
CXCR2-KO. In mice with the genetic knockout of the chemokine receptor CXCR2, granulocytes are unresponsive to chemokines that are analogous to interleukin-8, such as macrophage inflammatory protein 2 and KC (15, 37) . When wildtype mice were depleted of CD4 ϩ lymphocytes to make them susceptible to infection and then inoculated with Pneumocystis, there was considerable accumulation of neutrophils in the alveoli during the course of infection; however, in similarly treated CXCR2-KO mice, only 5 to 10% of the number of neutrophils in wild-type mice were found in lavage fluids (Fig.  2) . The levels of other alveolar inflammatory cells such as macrophages and CD8 ϩ lymphocytes (no CD4 ϩ lymphocytes were found in samples from CD4 ϩ -depleted mice) were similar in CXCR2-KO and wild-type animals; at the final stage of infection, there was a trend towards higher levels of macrophages and CD8
ϩ lymphocytes in the alveoli of CXCR2-KO mice, but this was not statistically significant ( Fig. 2) . Histological examination of lung tissue from the CXCR2-KO mice confirmed that neutrophils were virtually absent from the alveolar spaces, although they could be seen marginated in pulmonary capillaries and venules and in the interstitial spaces. There were evident localized patches of lymphocytes and macrophages nearby growths of Pneumocystis in early stages of the disease and widespread infiltration by CD8 ϩ lymphocytes and macrophages in later stages (Fig. 3A , B, and G).
In spite of this lack of neutrophils in the alveolar spaces, measurements of lung damage were not lower in CXCR2-KO mice than in wild-type mice: no significant differences were seen in respiratory rates, arterial oxygen partial pressures, or BAL fluid albumin concentrations at any stage of infection (representative day-35 data are shown in Fig. 4) . Finally, in spite of the difference in the pattern of Pneumocystis growth that was evident histologically in the CXCR2-KO mice (at least at early stages of infection), there were never any significant differences in total Pneumocystis burdens between CXCR2-KO and wild-type mice during the course of infection (Table 1) . gp91 phox -KO. Neutrophils in mice that have the gp91 phox component of the NADPH oxidase enzyme complex genetically deleted have normal responses to chemokines (unlike those in the CXCR2-KO mice); however, they are unable to produce significant ROS in response to inflammatory stimuli (47) . When these mice were infected with Pneumocystis, neutrophil recruitment into the alveolar spaces was significantly enhanced over that seen in wild-type mice; at 15 days postinfection, there were five times as many neutrophils in the lungs of gp91 phox -KO mice, and at 35 days the expected influx of neutrophils into the lungs of wild-type mice reduced this to only a fourfold difference (Fig. 5) . There was also a tendency for other inflammatory cells to be at higher concentrations in the lungs of gp91 phox -KO mice early in the course of Pneumocystis infection. Again, at 15 days postinfection there were significantly greater numbers of macrophages and CD8 ϩ lymphocytes in the lavage fluids of gp91 phox -KO mice than in those of wild-type mice (Fig. 5 ), but this discrepancy was not seen later in the infection.
As with the CXCR2-KO mice, pulmonary damage in the gp91 phox -KO mice during Pneumocystis infection was not significantly different from that seen in wild-type mice. Neither arterial oxygen partial pressures nor respiratory rates were significantly different between gp91 phox -KO mice and wild-type mice at any point we sampled (Fig. 6 shows representative day-35 data). There were also no significant differences in pulmonary lavage fluid albumin concentrations between gp91 phox -KO and wild-type mice at any time point (Fig. 6 ). Finally, there were no histologically obvious differences be- tween the gp91 phox -KO mice and wild-type mice in terms of levels of pulmonary damage or patterns of Pneumocystis growth ( Fig. 3D and E) .
The lack of a functional NADPH oxidase did not by itself make mice susceptible to Pneumocystis. gp91 phox -KO mice that were not depleted of CD4 ϩ lymphocytes and were inoculated with Pneumocystis completely cleared the organism and showed no signs of residual infection or pulmonary damage (Table 1 ). In mice that were depleted of CD4 ϩ lymphocytes, levels of growth of Pneumocystis were identical in gp91 phox -KO and wild-type mice (Table 1) .
phox/iNOS-KO. phox/iNOS-KO mice are genetically deficient in gp91 phox and therefore lack a functional NADPH oxidase to produce ROS. Additionally, they are deficient in iNOS and so are also lacking in the production of reactive nitrogen species (RNS). As that in the gp91 phox -KO mice, infection with Pneumocystis resulted in the recruitment of large numbers of neutrophils into the alveolar spaces; at later stages of the disease, there were almost six times as many neutrophils in the BAL fluids of phox/iNOS-KO mice as in those of wildtype mice ( Fig. 7 and 3I ). This discrepancy was not exclusively limited to neutrophils; at 28 days postinfection, levels of both macrophages and CD8 ϩ lymphocytes were significantly lower in the BAL fluids of phox/iNOS-KO mice than in those of wild-type infected mice. However, there were no consistent differences in levels of cells other than neutrophils (Fig. 7) . As in the previously described mouse models, there was very little difference in indicators of lung injury in the lungs of Pneumocystis-infected phox/iNOS-KO mice compared to those in wild-type mice. Although arterial oxygen partial pressures were low in infected mice and respiratory rates were elevated, there were no significant differences between phox/iNOS-KO and wild-type mice (Fig. 8) . The same was true for BAL fluid albumin concentrations, which were slightly elevated but not significantly so at 35 days postinfection (Fig. 8) . In this regard, BAL fluid LDH concentrations were significantly higher in samples from phox/iNOS-KO mice than in those from wildtype mice (0.025 Ϯ 0.0023 U/ml [n ϭ 4] versus 0.0146 Ϯ 0.0017 U/ml [n ϭ 5]), suggesting greater damage in lung cells in the phox/iNOS-KO mice. Although we did not conduct LDH assays in all experiments over the course of the study, this was the only case in which a significant difference was seen.
One unusual and consistent difference seen in phox/ iNOS-KO mice was the pattern of Pneumocystis growth in the lung, as observed histologically. Pneumocystis in the lungs of these animals was less disperse than that seen in the lungs of wild-type mice; however, the clumps of Pneumocystis were much more dense in the alveoli and were often seen pushing out into distal airways (Fig. 3F) .
RB6 depletion of neutrophils. Depletion of circulating neutrophils resulted in a dramatic reduction of neutrophils in the alveolar compartment during Pneumocystis infection, to at least 25% of the level seen in wild-type animals ( Fig. 9) . At the same time, there was a slight increase in the numbers of CD8 ϩ lymphocytes in the alveoli of neutrophil-depleted mice during the later stages of Pneumocystis infection relative to those in wild-type animals (Fig. 9) .
In the RB6 deletion experiments, the indicators of pulmonary damage that we measured were respiratory rate, BAL fluid albumin concentration, and dynamic lung compliance (a previous study showed that dynamic lung compliance correlates well with arterial oxygen partial pressure as an indicator [74] ). As seen in the other models of impaired neutrophil function, indicators of pulmonary damage in Pneumocystis infection with and without neutrophil depletion were not significantly different: both respiratory rates and BAL fluid albumin concentrations were similar in mice depleted of CD4 ϩ lymphocytes and neutrophils and mice depleted of CD4 ϩ lymphocytes only (Fig.  9) , and Pneumocystis infection resulted in similar decreases in dynamic lung compliance in mice depleted of CD4 ϩ lymphocytes and neutrophils and mice depleted of CD4 ϩ lymphocytes only (Fig. 10) .
DISCUSSION
In humans with Pneumocystis pneumonia, the degree of clinical impairment, and in fact a poorer prognosis, correlates with the finding of increasing numbers of neutrophils in the BAL fluids (4, 39, 42, 61) . Just as noted in humans, we show that in mice pulmonary damage, as indicated by the decrease in dynamic lung compliance, correlates with the numbers of neutrophils found in BAL fluids. Although we confirmed the association between elevated levels of pulmonary neutrophils and a poorer outcome from Pneumocystis pneumonia, we wished to establish whether neutrophils were actually responsible for the pulmonary damage seen in Pneumocystis pneumonia in mice. In this report, we utilized four separate mouse models of impaired neutrophil function to examine the role of neutrophil mechanisms in host tissue damage in Pneumocystis pneumonia. Surprisingly, in all cases, the levels of lung damage seen during Pneumocystis infection were the same in wild-type mice and neutrophil-impaired knockout mice.
Neutrophil host defense mechanisms are categorized as oxidative and nonoxidative. Oxidative mechanisms rely upon the production of superoxide, primarily by the multisubunit enzyme NADPH oxidase (73) . The importance of this enzyme in host defense against certain pathogens is demonstrated by the serious infections common in individuals with chronic granulomatous disease, in which one of the NADPH oxidase components is missing (52) . However, excessive ROS production in certain pulmonary states can also have deleterious consequences. Direct peroxidation of membrane lipids by ROS and formation of nitrotyrosine-protein adducts by peroxynitrite (which is itself formed by the reaction of superoxide with NO) can directly disrupt the function of molecules on host cells (41) . ROS are also implicated in the activation of transcriptional factors (NF-B and activator protein 1) leading to the transcription of genes that accentuate the inflammatory process (41, 49) .
The implication of these neutrophil mechanisms in host damage is most evident in controlled studies using environmental irritants, such as cigarette smoke (reviewed in references 21 and 41) and oil fly ash (26) . There is also considerable evidence that neutrophil oxidants are directly involved with the pathology found in acute respiratory distress syndrome (5, 30) . However, the direct role of neutrophil oxidants in host tissue damage observed during acute infectious diseases is less clear, although there is some circumstantial evidence. In a mouse model of pneumococcal pneumonia, occurrence of high levels of malondialdehyde, a marker of lipid peroxidation, in lung lavage fluid coincides with the appearance of profound pulmonary histopathology (12) . A similar response is seen in mice infected with various doses of Pseudomonas aeruginosa in that markers of oxidative stress, such as lipid peroxidation, increase in conjunction with the levels of biochemical markers of pulmonary damage (63) . Biochemical indices of oxidative damage to pulmonary tissue also occur in virus-induced pneumonia in mice (1, 44) , although the source of the oxidants in this model may not be entirely the phagocyte NADPH oxidase. The availability of mouse strains in which a protein subunit of the NADPH oxidase has been genetically deleted has allowed for in vivo investigations into the importance of neutrophil ROS production in pulmonary damage. In a study in which mice were challenged with Escherichia coli to produce sepsis, the NADPH oxidase knockout mice had increased migration of neutrophils into the lung but at the same time had reduced lung microvascular injury, suggesting that superoxide production was important in the development of the pulmonary injury (24) . In contrast, in a model of complement-induced lung injury, the absence of a functional NADPH oxidase did not result in less pulmonary damage, as assessed by accumulation of extravascular albumin (35) .
Our results indicate that in Pneumocystis-infected mice, the absence of superoxide produced by NADPH oxidase does not ameliorate the damage that occurs during the disease process. This does not, however, totally rule out a role for phagocytederived oxidants in the pulmonary damage. RNS, most notably NO produced by iNOS, can be produced by phagocytes, predominately macrophages (13) . NO is known to have a variety of important roles in host defense (reviewed in reference 18). NO is also implicated in host tissue damage, including that of the lung, because of its reaction with superoxide to form the highly reactive oxidant peroxynitrite (60, 66) . A recent report indicates that ROS production and RNS production can compensate for each other in host defense such that mice with knockouts of either gp91 phox or iNOS by themselves are not susceptible to certain pathogens but mice deficient in both gp91 phox and iNOS are highly susceptible to infection with the same pathogens (57) . As a parallel to this effect on host defense, there also appear to be compensatory adjustments in these pathways that account for similar levels of pulmonary damage when one pathway is deleted. For example, when gp91 phox knockout animals are challenged with cobra venom factor to produce complement-induced lung injury, the damage is the same as that seen in wild-type animals; however, N G -methyl-L-arginine, an inhibitor of iNOS, is protective in the gp91 phox knockout animals but not in wild-type animals according to a previous study (35) . That study and others (e.g., reference 1) suggest that peroxynitrite can still be formed in gp91 phox knockout animals by combining NO produced by iNOS and superoxide produced by xanthine oxidase and that this compound is what causes the oxidative damage. Therefore, we elected to compare levels of pulmonary damage in mice that have both the gp91 phox and iNOS pathways disrupted. Like the gp91 phox single knockouts, these double knockout mice exhibited little difference from wild-type mice in levels of Pneumocystis-related pulmonary damage (although increased BAL fluid LDH concentrations could be indicative of a trend towards greater damage), in spite of the elevated numbers of neutrophils in the alveolar compartments. Together, the results from the gp91 phox -KO and phox/iNOS-KO mouse models strongly suggest that oxidative mechanisms of neutrophil function (and assumedly phagocytes other than neutrophils) do not play a major role in the pathogenesis seen in Pneumocystis infections in mice.
Neutrophils also possess many nonoxidative effector mechanisms, including proteolytic enzymes (elastase and cathepsin G) and cationic proteins with direct antimicrobial actions (␣-defensins and cathelicidins) (14, 58) . A great deal of in vitro work has implicated these proteins in pulmonary pathology (34, 45, 46, 67) . Recently, there have also been several in vivo studies on resistance to infection and damage to pulmonary tissue with the use of models with knockouts of neutrophil proteins such as elastase, cathepsin G, and matrix metalloproteinase type 9. Results from these studies indicate a complex role for these proteins: defects in these proteins do not impair transendothelial migration of neutrophils (2), which is contrary to the accepted role for these proteins (55) . In spite of this finding, an important role for neutrophil elastase in pathogen resistance is evident from studies that show that mice deficient in elastase have greater susceptibility to high doses of several gram-negative pathogens (11) and Candida albicans (50) . In addition, mice doubly deficient in elastase and cathepsin G are more susceptible to Aspergillus (65) and Staphylococcus aureus (50) . With regard to host tissue damage, deficiency of neutrophil elastase is protective against the induction of emphysema by cigarette smoke in mice (56) and also against fibrosis induced by bleomycin in mice (20) . Mice that are doubly deficient in elastase and cathepsin G are resistant to some of the However, because there appear to be coordinate expression and redundant function of the neutrophil proteases (40), determining whether any one of these individual proteins is responsible for host damage in an infectious disease model is not straightforward. Furthermore, neutrophil elastase has an important role in the recruitment of macrophages into the lung (56) , and so effects on host tissue damage in animals with knockouts of this protein may reflect the role of macrophages as much as that of neutrophils. For these reasons, the question of whether nonoxidative neutrophil effector functions are involved in pulmonary pathology in Pneumocystis infections in mice did not seem approachable using the limited applicability of in vivo models of knockouts of those proteins. However, we reasoned that it was unlikely that these functions were a major factor in the damage that we observed since in the gp91 phox -KO and phox/iNOS-KO mice, even with four-to sixfold more neutrophils in the alveolar spaces, measurements of lung damage were the same or marginally greater than those in wild-type mice. To further address the question of whether the presence of neutrophils, acting through either nonoxidative or oxidative mechanisms, in the alveoli is instrumental in Pneumocystis-related pulmonary damage, we employed the CXCR2-KO mouse model, in which recruitment of neutrophils to the site of infection was greatly diminished. In CXCR2-KO animals, in spite of the fact that neutrophil accumulation in the alveolar compartments was only 5 to 10% of that seen in wild-type mice similarly infected, there were no significant differences in pulmonary pathology. Therefore, as a whole, our findings point to the simple but somewhat surprising conclusion that in spite of their accumulation in the lung during later stages of Pneumocystis infections, neutrophils do not play a major role, either through oxidative or nonoxidative mechanisms, in the inducement of the pulmonary damage that occurs during this time.
It should be stated, however, that these studies do not rule out indirect neutrophil involvement in Pneumocystis-related host tissue damage. Although neutrophils are normally thought of as effector cells, there is some evidence that they may also have an immunoregulatory role, through release of cytokines or other regulatory substances (32, 51, 64) . If so, then neutrophils may be able to exert some effects on lung tissue responses, even without entering the alveoli. Experiments to completely deplete circulating neutrophils have been performed using other disease models (59, 72) . We performed similar experiments with the antineutrophil antibody RB6; the results were consistent with other data reported here in that measurements of pulmonary damage were the same between wild-type and neutrophil-depleted mice, which suggests that neutrophils have neither a local nor distant role in Pneumocystis infections.
This study also confirms previous observations which suggested that neutrophils do not have a substantial role in the clearance of Pneumocystis, at least not when CD4 ϩ lymphocytes are absent (16, 33) . We found no significant differences in the levels of Pneumocystis between wild-type animals and any of the three sets of neutrophil function knockout mice that were inoculated at the same time. However, our histological observations do seem to suggest that these neutrophil functions have some effect on the pattern of Pneumocystis growth in the lung. This was most evident in the phox/iNOS-KO mice, in which the Pneumocystis grew in denser clumps but in fewer alveoli than it did in the wild-type mice (even though the numbers of Pneumocystis organisms in the lungs were the same in both groups). While it is tempting to speculate that the Pneumocystis organisms are aided in their dispersion through the lung by the oxidative functions of the neutrophils, we have no supporting evidence for this possibility at this time.
The apparent lack of a significant causative role for neutrophils in the induction of Pneumocystis-induced lung damage raises some interesting questions about the major mechanisms behind this type of pulmonary damage. In susceptible animals, Pneumocystis will grow in the alveolar compartments, with some degree of direct attachment to the type I epithelial cells (22, 48, 76) . Although the direct attachment may result in alteration of pulmonary barrier function and subsequent dysfunction (reviewed in reference 62), it appears that most pulmonary pathophysiology coincides with the appearance of inflammatory cells in the alveoli (27, 74) . Several cell types may be involved in this process. Alveolar macrophages have potent microbicidal mechanisms, including production of ROS and RNS, and they increase in both number and level of activation in the lung during Pneumocystis infection (7, 38) . However, the fact that gp91 phox and gp91 phox -iNOS knockouts also affect aspects of macrophage function makes any conclusions about the role of macrophages difficult at this time. CD8
ϩ lymphocytes accumulate in high numbers in the alveoli of Pneumocystis-infected animals, and there is strong evidence that these cells are responsible for much of the inflammatory-derived damage to host tissue (3, 8, 74) . However, while the implication of CD8 ϩ lymphocytes in host tissue damage is more compelling than we have shown here for neutrophils, the mechanisms by which these cells cause this damage is still unclear. Further studies are necessary to elucidate what mechanisms of cells other than neutrophils are involved in Pneumocystis-related pulmonary damage.
